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Abstract
Photogalvanic solar cells, the original dye based solar cell, have
yet to fulfill their promise as a low fabrication cost, scalable energy
conversion system. The efficient performance of photogalvanic cells
relies on high dye solubility and selective electrodes with fast elec-
tron transfer kinetics. A new configuration is proposed for photogal-
vanic cells that removes these impractical requirements. Instead of
illuminating the device through the electrode, as is the conventional
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approach, a new vertical configuration is employed with light com-
ing between the two electrodes. This way, the light absorption and
hence electron generation is spread through the depth of the device.
The depth therefore can be adjusted according to the concentration of
the dyes to absorb all the incoming photons even with low solubility
dyes. As a result of distributed electron generation, unreasonably fast
electrode kinetics are no longer required. The proposed configuration
is mathematically modeled and the advantages over the conventional
cell are shown. A numerical model is built for more detailed analysis
that gives practical guidelines for working towards device parameters
with high power conversion efficiency. The readily available Thionine-
Iron dye-mediator couple could achieve 6% efficiency if highly selective
electrodes are used, compared to 0.45% at best using the conventional
approach. The analysis suggests that upon the realization of highly se-
lective electrodes and an improved dye/mediator couple, an efficiency
of 13%, and potentially higher, should be achievable from the new
configuration.
1 Introduction
Solar energy is the most abundant of the readily available renewable energy
sources. So far, the cost of conventional solar power relative to fossil fuel
alternatives has impeded its widespread use in grid-tied locations. Many ap-
proaches are being taken to reduce the cost of the solar power. Photogalvanic
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cells (PGC) were studied immensely in 1980s as a cheap solar energy har-
vesting system. The photogalvanic effect was first observed in 1925 by Rideal
and Williams[1], and it was Rabinowitch that initially investigated the much
studied iron-thionine photogalvanic system[2]. Several other groups pursued
the work both to understand the mechanism and to find the optimum device
configuration for PGCs[3, 4, 5, 6, 7]. These studies together with the work on
semiconductor electrochemistry by Gerischer[8, 9], Nozik[10] and Gratzel[11]
led the design of dye sensitized solar cells(DSSC)[12]. The analytical analysis
of PGCs proposed by Albery and Archor [13] showed the possibility of high
performance PGCs given certain conditions of device geometry and chem-
istry. Use of micelles in photogalvanic cell have been suggested by Groenen
et al. [14] in order to increase dye solubility and suppress back-reaction. Re-
cently, a set of empirical studies examined a variety of dye/mediator couples,
including the study of several dyes by Gangorti et al. [15, 16, 17, 18], the
effect of surfactants by Genwa [19, 20] and even the use of mixed dyes by
Lal et al. [21]. The highest efficiency of a PGC is claimed by Bhimwal and
Gangotri to be 1.62% with methyl orange as photosensitizer dye [22], which
expresses how far these devices are from practical use. Selective electrodes,
fast electrode kinetics and high solubility of the dyes are the main unsatis-
fied properties of a good PGC. We propose a change in the configuration of
the PGC that lightens up some of the hard to achieve requirements and we
justify our proposed structure by analytical and numerical analysis.
Instead of illuminating the device through the electrode as was done in
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the previous work, we suggest vertical alignment of PGCs so that the light
comes in from the gap between the two electrodes as shown in Figure 1. This
way, the light absorption and hence electron generation is spread through the
depth of the device. As a result of larger absorption length, smaller current
densities are expected and fast electrode kinetics are no longer required. The
depth can be adjusted according to the concentration of the dyes, and thus
deeper cells enable low solubility dyes to be employed. Multiple devices stack
next to each other to cover surfaces. We suggest the investigation of this
structure due to more relaxed requirements and higher possible efficiency.
In the next section, the working principle of PGCs will be explored fol-
lowed by the outlines of the theoretical work on conventional cells. The design
guideline for efficient cell will be presented as was published by Albery et.
al [4]. The analysis of vertical cells is then presented and the requirements
for high efficiencies will be derived from mathematical modeling. Several
design factors will be discussed and compared to the conventional cell and
the advantages of the new configuration are shown. In the simulation section
the framework of a 2D computer model for PGCs is explained. Both cells
are then modeled and optimized, assuming in one case known properties of
dyes and mediators, and in the second case given dyes and mediators that
should be physically realizable which gives a target configuration for PGCs.
The expected efficiencies are compared. The benefits of the vertical cell are
demonstrated and the target device parameters are shown to make the cell
more viable than the conventional cell.
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2 Background
The power generation process in photogalvanic cells starts with the photo-
excitation of dissolved dye followed by dye reaction with an electrolyte redox
system called a mediator. The excited dye can be reduced or oxidized by
the mediator depending on the dye and mediator combination selected. The
redox couple and the stabilized dye then can react on the electrodes to gen-
erate current. In this work, the classic process of a dye-electron donor will
be explored, whose schematic is shown in Figure 2.
The excitation step happens almost instantly after the absorption of the
photon. The relaxation process happens at a rate of kRelax which is usually
a very fast process and takes 10−12 ∼ 10−9s (reaction (1), in parentheses),
S + hν → S∗( kRelax−−−→ S). (1)
If the excited dye lives long enough to diffuse in the electrolyte and interact
with a charge mediator, the excited dye will be quenched which results in
two charged species;
S∗ +M
kQ−→ S− +M+, (2)
where S, S∗ and S− are relaxed, excited and reduced states of the sensitizing
dyes and M/M+ is the mediating redox couple. Since the products are at
high energy levels, they will recombine in the bulk with the rate constant of
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kr which is the main loss mechanism of the cell,
S− +M+ kr−→ S +M. (3)
In order to extract the absorbed energy, the products of reaction (2)
should diffuse to the electrodes before their recombination though reaction
(3). It is also desired that each redox couple only interact with one of the
electrodes in order to avoid electrode mediated recombination of the species
i.e. electrodes should behave selectively towards the couples. In this case,
(Anode) S− → S + e− and
(Cathode) M+ + e− →M.
(4)
In the case of fast kinetics of these reactions, the electrode potentials will
follow the potential of the redox couples, therefore, an open circuit potential
difference of ∆E ≈ |ES−/S − EM+/M | is expected from this cell.
Albery examined the electrode-illuminated cell analytically and derived
some design criteria for photogalvanic cells [13]. The differential equation
governing the photo-absorption by dye molecules, the reaction of excited
dyes and mediators, and the transport of species were solved simultaneously.
The output of the analysis were four characteristic lengths of Table 1, which
should be balanced according to cell requirement to achieve a high power
efficiency.
The complete absorption of the incoming light requires that the device
6
Xl l Distance between electrodes
Xε (ε[S])
−1 Light absorption length
Xk (D/kr[M
+])1/2 Typical diffusion length before recombination
Xg (D/φ0ε)
1/2 Typical distance dye diffuses between photon ab-
sorption events
Table 1: Characteristic lengths of photogalvanic devices. ε is the extinction
coefficient of the dye. [S] is the concentration of the light absorbing dye
and [M+] is the concentration of the oxidized mediator. D is the diffusion
coefficient. φ0 is the solar photon flux in units of [mol m
−2s−1].
be deep enough that most of the light be absorbed, or Xε << Xl. In order
to extract the separated charge, generated M+ ions need to travel to the
illuminated electrode before their recombination, therefore, the distance over
which generation is occurring should be less than the length over which it
will likely diffuse before recombining through (3), and hence Xε << Xk.
Additionally, the excited dyes should be replaced by fresh ones before the
arrival of the next photon in order to avoid solution bleaching, and hence,
Xε << Xg.
The requirement of a net positive bulk generation requires that gener-
ation rate be faster than recombination rate therefore Xg ≤ Xk. Finally,
the maximum travel length is the distance between the electrodes, therefore
the other three length constants should be smaller than Xl. The following
formula was suggested for these values:
10Xε ≈ Xg ≈ 1
2
Xk < Xl. (5)
These relations define the approximate conditions for the optimized cell.
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Using the typical values of D, ε and I0, a set of parameters were derived by
Albery et al. [4] to make an efficient cell as shown in Table 2.
Xg = 10 µm D = 10
−5 cm2s−1, ε = 100 mM−1cm−1, I0 = 1.6 · 10−7mol cm−2s−1
Xε = 1 µm ⇒ [S] = 0.1 M
Xk = 20 µm ⇒ k[M+] = 2.5 s−1
Xl > 20 µm
Table 2: Albery’s recipe for the optimal cell [4].
One last requirement is that electrode kinetics be fast compared to the
mass transport and recombination rates, and thus satisfy the following con-
ditions:
k0 >>
D
Xε
and (6a)
k0 >
D
Xk
. (6b)
The first condition ensures that the product species are generated close
enough to the electrode to be able to interact with it and the second condition
provides for a higher chance of electron extraction than bulk recombination.
As explained briefly in the introduction section, the latter condition of
electrode kinetics is hard to satisfy, particularly in case of selective elec-
trodes as any surface modification impedes the electron transfer between
ions and the electrode. Additionally, fast electrode kinetics is incompatible
with slow bulk reactions according to Marcus theory [23]. In other words,
no dye/mediator/electrode combination is likely to be found that offers both
fast electrode kinetics and slow bulk recombination. Finally, the solubility
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of the dyes are much lower than the requirements of Table 2 [24], as a re-
sult, photogalvanic cells show poor efficiencies. Arranging the light path to
be parallel to the electrode surfaces, as shown in Figure 1, is now shown to
alleviate a number of constraints. We investigate the requirements of target
vertical cell in the next section and show that the proposed cell is less de-
manding in these two areas, i.e., moderate electrode kinetics and dyes with
low solubility can still be utilized in an efficient vertical cell.
3 Analytical analysis of the vertical photo-
galvanic cell
The vertical photogalvanic cell of Figure 1 with the reactions shown in Figure
2, is modeled in order to estimate the feasibility of the requirements for such
a cell to work efficiently. First, an analytical model is presented that allows
defining guidelines for design of efficient target vertical cells. This is followed
by a numerical simulation, allowing the cell efficiency to be estimated.
A comparison of maximum generation rate-which happens at the illu-
minated electrolyte surface- and the quenching rate constants, shows that
even at small concentrations of mediator, the charge separation of reaction
(2) happens much faster than the initial photo-excitation of the dyes, reac-
tion (1) (as has been previously assumed by Albery [13]). Therefore, the
two stages of light absorption and charge separation can be simplified into a
9
single reaction of :
S +M
Gop+kf−−−−⇀↽ −
kr
S− +M+, (7)
where S/S− represent the two states of the dye and M/M+ those of the
mediator. Gop, kf and kr are bulk reaction rates for optical generation, dark
forward reaction and bulk recombination, respectively. M/M+ concentra-
tions are assumed constant in the analysis by adding a condition that medi-
ator concentration is much larger than that of the dye, following Albery [13],
in order to enable an analytical solution. As a result of illumination to the
gap, the optical generation, Gop, varies through the depth. This generation
is averaged over the cell depth in our one dimensional analysis and therefore
is independent of dye concentration as long as the cell is built deep enough
to absorb all the incoming light. The assumptions of uniform generation and
constant mediator concentration are removed in numerical analysis provided
in the next section.
A diffusion-recombination reaction mechanism is considered for the trans-
port in the bulk at steady-state,
D
∂2[S−]
∂x2
+Gop − kr[S−][M+] = 0. (8)
In order to simplify the expressions, it is useful to rewrite the equations in
dimensionless form. The length is normalized to the cell length, l, and the
concentrations to the dark dye concentration, [Sd]. The unitless bulk reaction
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will be as follows,
∂2u
∂χ2
+α2 − β2u = 0, where
χ = x/l, u = [S−]/[Sd], α2 =
Gop l
2
D [Sd]
and β2 =
l2 kr [M
+]
D
. (9)
Parameter α compares the cell length to generation length, the distance dye
diffuses before being hit by a photon. A large α guarantees dye excitation
before traveling the length of the cell. β represents the cell length compared
to recombination length, which is the diffusion distance of the charged states
before recombination in the bulk. A small β is desired in order to increase the
chance of charge extraction. For the analytical analysis section, completely
selective electrodes with fast kinetics are assumed to be employed, where
each electrode interacts only with one redox couple. The optimum cell per-
formance conditions, which we are looking for, happen under this condition
which guarantees minimum recombination. (The effect of the non-perfect
mediator discrimination will be explored in the numerical analysis). This
assumption allows us to assign all the current from the left electrode to the
interaction with the S/S− couple, therefore,
D
d[S−]
dx
|x=0 = J
F
which translates to (10)
du
dχ
|χ=0 = m, m = J · l
FD[Sd]
, (11)
where J is the cathodic current density, F is the Faraday constant, D is
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the diffusion coefficient and m is the normalized current density. On the
right electrode, no electron transfer happens with dyes due to the complete
selectivity assumption. The boundary condition is then
du
dχ
|χ=1 = 0. (12)
Solving equation (9) with boundary conditions of (11) and (12) results in a
normalized concentration profile as follows
u =
α2 −mβcosh(β − βχ)csch(β)
β2
. (13)
All device characteristics can be derived from equation 13- most importantly,
the current density, m, which relates to u through (11). We can define the cell
efficiency in terms of concentration to be able to calculate cell parameters, l,
[Sd], [M
+] and kr, for the optimized cell. The concentration at the surface
of the electrode can be written as
u0 = u|χ=0 = α
2 −mβcoth(β)
β2
⇒ m = α
2 − β2u0
βcoth(β)
. (14)
The output voltage of the cell, the difference in electrode’s electrochemical
potential, is also normalized. The unitless potential difference, ∆P can be
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calculated as equation (17)
P =
F
RT
E (15)
∆E = E2 − E1 = E0Y/Z +
RT
F
ln
[M+]
[M ]
− E0A/B −
RT
F
ln
[S]
[S−]
(16)
[M+], [M ] ≈ constant⇒ ∆P = ∆P 0 + ln(u−10 − 1) (17)
∆P 0 =
F
RT
(E0M/M+ − E0S/S−) (18)
The efficiency of the cell can then be calculated by dividing the product of
the output current and voltage by the incoming light power. Using equations
(17) and (14), the efficiency can be written in the following form,
η =
(t · w · J) ·∆E
l · w · I0 × 100% =
FD[Sd]RT
FI0
t
l2
m ·∆P × 100%
=
D[Sd]RT∆P
0
I0
t
l2
α2
β coth(β)︸ ︷︷ ︸
θ, max efficiency
(
1− β
2u0
α2
)(
1− ln(u
−1
0 − 1)
∆P 0
)
︸ ︷︷ ︸
ψ, load dependent
100%. (19)
The two right hand side terms are functions of u0 and therefore m, the
current density, which is dependent on the load connected to cell. In order
to deliver the maximum efficiency, one should maximize this part, ψ, by ad-
justing the load and make those terms as close to unity as possible. The part
that mainly governs the magnitude of the efficiency is the leftmost product in
(19), called θ, that needs to be maximized by adjusting the cell parameters.
We first look for the cell conditions that optimize this term, then adjust load,
and therefore u0, to maximize the two RHS terms.
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3.1 Geometry optimization
Inserting the values of α and β into θ, one can write this efficiency term in
the form of
θ =
D[Sd]RT∆P
0
I0
t
l2
α2
βcoth(β)
=
D[Sd]RT∆P
0
I0
tGtotl
2/(tD[Sd])
l2l
√
kr[M+]
D
coth
(
l
√
kr[M+]
D
)
=
RT∆P 0Gtot
I0
1
l
√
kr[M+]
D
coth
(
l
√
kr[M+]
D
) . (20)
All the variable parameters of equation (20) are collected in the second
term which represents a half-bell shaped function of β whose maximum oc-
curs at zero, as depicted in Figure 3. Charge extraction at the electrodes
always competes with bulk recombination, therefore a larger β (faster bulk
recombination or wider device) consistently reduces the efficiency. Conse-
quently, the cell length should be decreased to the extent that is allowed by
the manufacturing limitations to have an efficient cell. One can see that θ
still has 76% of its maximum value when l
√
kr[M+]
D
' 1, which gives some
room to deviate from the maximum point without a huge efficiency loss.
Assuming a slow - but feasible - bulk recombination rate of kr = 0.5 ×
103 M−1s−1, a typical diffusion constant D = 10−5 cm2s−1, and a cell length
of l = 100 µm, the mediator concentration should be smaller than 200 µM
in order to enable reasonable efficiency. Dye concentration should be at least
2 times smaller than that of the mediator so that its change does not disturb
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the mediator concentration profile, therefore [Sd] ' 100 µM .
The depth of the cell has no direct influence on θ output power as long
as all the incoming light is absorbed in the cell, so the depth should be
kept greater than 4[S]. The next term that should be maximized in the
∆P 0Gtot product in the numerator. ∆P
0 reflects the difference in the elec-
trochemical potentials of two redox couples which should ideally match the
HOMO-LUMO levels of the dye minus the required overpotential to drive the
electron transfer. Therefore, the larger the difference is, the more significant
the output voltage achievable. However, that would result a smaller portion
in incident photons to be absorbed and the Gtot to drop since lower energy
photons cannot excite the dyes. Balancing the trade-off between Gtot and
∆P 0 leads to an optimum HOMO-LUMO level difference of 1.4 eV , which in
turn leads to θmax = 24 %. This is the maximum efficiency regardless of the
effect of the load, i.e. ISC × VOC/I0. Smaller separation between electrodes
leads to higher efficiency - for example with 20 µm separation, θmax can be
expected to reach 31 % as the bulk recombination loss drops significantly.
3.2 Load optimization
Both bracketed terms in the load dependent part of equation 19 , ψ, should
approach unity in order to achieve maximum efficiency. For this section, this
condition is assumed to be satisfied and an optimum load condition is calcu-
lated. The assumption is subsequently shown to be valid. Keeping that in
mind, and neglecting the product of the small terms, ψ can be approximated
15
as :
ψ(u0) =
(
1− β
2u0
α2
)(
1− ln(u
−1
0 − 1)
∆P 0
)
' 1− β
2u0
α2
− ln(u
−1
0 − 1)
∆P 0
. (21)
Differentiating with respect to u0 shows a maximum at u0,m =
β2−
√
β2−4α2/∆P 0
2β2
and ψm ' 0.91. Figure 4 shows the variation of ψ with respect to u0 for some
typical cell parameters, where u0,m is located very close to zero. The maxi-
mum efficiency load for this case happens close to the short circuit conditions
which happens at u0 = 0 according to equation (14).
3.3 Estimation of maximum efficiency
Altogether, total efficiency of the vertical photogalvanic cells would appear
to go as high as 28 and 22 % for 20 and 100 µm device lengths, respectively.
The conditions for such performance are given above. In terms of device
length constants, one can conclude the recombination length Xk should be
larger than the device length Xl as shown in Figure 3. The light absorp-
tion in the vertical configuration is not limited to the electrode separation,
however, since all the light needs to be captured, the cell thickness must
be much larger than Xε, i.e. d >> Xε. As calculated above, the l
√
kr[M+]
D
should be smaller than unity, which puts limits on bulk recombination rate,
mediator concentration and device length. In practice not all the given de-
vice parameters are readily achievable, but, as will be discussed later, they
are more practical than those of traditional PGCs. In the next section these
16
parameters will be fine tuned in a more realistic 2D system using electrodes
with less than perfect selectivity.
4 Simulation of the photogalvanic cell
Numerical simulation enables the major assumptions of analytical analysis
to be relaxed. A depth dependent generation, variable mediator concentra-
tion and imperfectly selective electrodes are modeled which gives a more
accurate device analysis. The photogalvanic cell was modeled in COMSOL
Multiphysics software (COMSOL Inc., Palo Alto, CA) using a 2D geome-
try. COMSOL Multiphysics was chosen due to its ability to simultaneously
solve several types of differential equations using the finite element method
(FEM). The model includes two redox couples in the bulk and two selective
electrodes with different reaction rates towards redox species. Bulk transport,
generation-recombination and interaction on the electrodes were modeled us-
ing the Transport of Diluted Species solver in COMSOL. The Butler-Volmer
equation was solved on the electrodes with the built in ODE solver and light
absorption was modeled using the general PDE solver, all of which were
solved self-consistently in COMSOL. Both conventional and vertical photo-
galvanic cells were analyzed numerically first under optimum conditions and
then with more readily available parameter values. The performance of the
devices were compared for each scenario.
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4.1 Equation set
Reactions (1), (2), (3) and (4) describe the interactions happening in a work-
ing photogalvanic cells. Below, the main bulk reaction is shown using both
the notations used in the simulation and our analytical analysis,

o1 + r2
Gop+kf−−−−⇀↽ −
kr
r1 + o2, or equivalently
S +M
Gop+kf−−−−⇀↽ −
kr
S− +M+.
(22)
A reaction-diffusion system of equations is set up to model the transport of
species in the photogalvanic cell as shown in equation (23),

∂ci
∂t
+∇.(−Di∇ci) = Ri i = o1, r1, o2, r2,
Ro1 = Rr2 = kr[r1][o2]− kf [o1][r2]−Gop,
Rr1 = Ro2 = −kr[r1][o2] + kf [o1][r2] +Gop.
(23)
On the electrodes, reactions happen at different rates. The selectivity con-
straint requires that each electrode has fast kinetics with one couple and slow
kinetics with the other one and the dominant reaction be that of equation
(24). The Butler-Volmer equation is used to describe the electron transfer at
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the interfaces,
(On electrode 1) r1 → o1 + e−,
(On electrode 2) o2 + e
− → r2, (24)
J/F = k
0
1
(
[o1]e
−αfη1 − [r1]e(1−α)fη1
)
+ k02
(
[o2]e
−αfη2 − [r2]e(1−α)fη2
)
, (25)
where η, the overpotential, is the difference between electrode’s potential and
the standard potential of the redox couple (ηa = Eelec−E0a). α is the transfer
coefficient and chosen to be 0.5 in this work which represents a symmetric
energy barrier for electron transfer. k01 and k
0
2 are standard rate constants of
an electrode’s interaction with redox couples [25].
The light absorption follows a Beer-Lambert law behavior in which the
reduction in flux that happens in a layer with thickness dl containing species
i with concentration ci, is given by equation (26) where ε is the molar ab-
sorption coefficient,
dφ = −(εln10)cdφdl. (26)
The cd term of 26 is the dye concentration in the relaxed state i.e. [o1]. This
links the two physics systems, light absorption and transport, together in the
process of building a self consistent model.
The other linking variable is the generation term in equation (23). As-
suming absorption to happen at a constant wavelength for simplicity, one
19
can approximate the optical generation rate as
Gop ' φabs
∆z
' dφ
dz
[
mol
m3s
], (27)
where z can be the vertical or horizontal direction depending on the illumina-
tion direction. As can be seen in equations (26) and (27), the generation rate
is proportional to the number of absorbed photons at each location which
is non-linearly related to the concentration of light absorbers in the relaxed
state. All of the equation system were implemented in COMSOL and the
time dependent answer of the system was observed with initial conditions of
[S] = [Sd] and [M ] = [M
+]. The steady state results were then extracted
after the time dependent variables reach a plateau. These steady state values
were taken as performance figures of the cell and compared for vertical and
conventional cells in the next section.
4.2 Results
Photovoltaic devices traditionally use electrodes that lie in a plane that is
ideally perpendicular to the direction of the incident light. One can extract
most of the generated charges by putting the extracting electrode close to
the absorbing section (junction). For the same reason, photogalvanic cells
are illuminated through one transparent electrode while the other electrode
is typically kept in the dark. This way, the peak generation happens very
close to the collecting electrode. Despite Albery’s initial analysis that showed
20
18% efficiency[26], he concluded later that some practical restrictions limit
the performance to 5%[24]. He derived conditions for this ’optimal’ cell as
shown in Table 2. Simulations of the classic iron-thionine cell, and of Albery’s
’optimal’ cell integrated with a pair of selective electrodes were performed
in our 2D model and the device optimization resulted in a power conversion
efficiency of 0.45% and 3.7%. Thus it is not surprising that the best exper-
imentally measured performance from the PGC is 1.62 % [22] (in which no
significant selectivity is present). To understand the ultimate performance
expected from these devices, the cell parameters were investigated again in
the 2D model. The optimized traditional configuration cell, listed in Table 3,
showed an efficiency of 2.07%. Only the extreme case of completely selective
electrodes raise the efficiency to 3.7%.
Albery’s Op-
timal (Perfect
Selectivity)
Albery’s Op-
timal (Partial
Selectivity) [4]
Iron-
Thionine[24]
Explanation
E0S E
0
S E
0
S 0.462 V dye standard potential
E0M E
0
S+ 1.4 eV E
0
S+ 1.4 eV 0.77 V M/M
+ standard potential
Eph 1.6 eV 1.6 eV 2.07 eV dye band gap
kL,1 10
−3m/s 10−3m/s 10−5m/s rate constant , fast redox
kL,2 0 m/s 10
−10m/s 10−12m/s rate constant ,slow redox
kr 5×102M−1s−1 5×102M−1s−1 5×102M−1s−1 bulk recombination rate
l 50µm 50µm 50µm cell length
[Sd] 100 mM 100 mM 100 mM dye concentration
I0 1000W/m
2 1000W/m2 1000W/m2 light intensity
η 3.7 % 2.07 % 0.45 % Efficiency
Table 3: Device parameters and performance of electrode illuminated pho-
togalvanic devices. Efficiencies, η, are as computed using COMSOL.
It should be noted that even this low efficiency performance is impractical
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in reality. Some characteristics used in Table 3 to compute Albery’s ’optimal’
are incompatible with each other and some are simply hard to achieve. For
example, very few redox couples and electrodes meet the very fast electrode
kinetics requirement of equation 6b. Fast electrode kinetics, needed to pro-
duce high currents, are also incompatible with slow bulk reactions (needed to
reduce recombination losses between mediators) according to Marcus theory
[23]. The actual solubility of the dyes are much lower than those assumed
here, which leads to poorer performances in practice compared to the theory.
In the suggested vertical configuration of Figure 1, light absorption and
charge extraction lengths have been decoupled, therefore a smaller dye con-
centration can be utilized to reduce the current density through the electrodes
while not affecting the generated current per illuminated surface. Electrode
kinetics need not to be particularly high if dye concentrations are low, and
similarly diffusion lengths to electrodes can be relatively long (provided they
are similar to or shorter than the recombination length). The selectivity level
of each electrode - the difference in reaction rates towards the two redox cou-
ples - is investigated. The results show that a 6 to 7 order of magnitude
difference in rate constants is enough to achieve an efficient cell.
The vertical cell is modeled in COMSOL, and shows improvement in per-
formance. The efficiencies of the target and iron-thionine cells were found
to be 12.9% and 6%, respectively for a 100 µm cell length. Because of the
partial selectivity of the electrodes and the concentration dependent opti-
cal generation that were neglected in the theoretical model, these values,
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achieved with parameters of Table 4, are smaller than the prediction of the
analytical analysis. The parameters listed in Table 4 are chosen with physical
feasibility in mind. It is desired to have as small a bulk recombination rate
as possible, the suggested dye-mediator couple of the target case is assumed
to have a recombination rate in the same range as the iron-thionine couple,
which is one of the slower known bulk reaction rates. The value for iron-
thionine couple is determined from literature to be 5× 102M−1s−1 [24]. The
dye concentrations are limited to sub-millimolar range and electrode kinetic
rate is on the order of 10−5m/s.
Device characteristics of the target vertical cell are shown in Figures 5(a)
and 5(b). The low fill factor observed in the Current-Voltage characteristics
is mainly due to bulk and electrode recombination losses. Dye concentration
and cell depth were swept in value to find the optimum concentration and
size which enables both the use of the slow kinetics electrode (by reducing
the generation rate) and the full absorption of the incoming light. The light
intensity, I, is plotted through the depth of the cell in Figure 5(c). The
horizontal locations where I goes to zero represents full absorption by the
dye. In this graph there is small part where not all light is absorbed. The
optimum dye concentration is 200 µM , which is higher than the optimal
theoretical value of the last section, because the effect of bleaching on the
surface that was previously ignored in the theoretical analysis. Despite the
bleaching, most of the incoming light is absorbed by over a depth of 50 mm.
A comparison of the cell parameters in two configurations reveals the ver-
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tical cell to be less demanding. The required electrode kinetics is reduced by
two orders of magnitude in the vertical structure and partial selectivity of
seven order of magnitudes proves to be sufficient for efficient device perfor-
mance. This is another advantage of the vertical cell since the 3.7% ultimate
efficiency of the conventional cell was calculated based on complete selectiv-
ity and it drops to 2.07 % at a selectivity of 7 orders of magnitude. The
concentration of the reduced dye, [S−], is plotted in 5(d). It reaches zero on
the dye-interacting electrode at maximum efficiency operation point, which
agrees well with the theoretical prediction that the optimum load happens
at very small value of u0,m, equation 21.
As explained in the analytical section, electrode separation is inversely
related to the performance. Figure 6 shows the efficiency of top and side
illuminated cells for different cell lengths and electrode selectivities. Device
performance is more sensitive to selectivity in vertical cell for device lengths
larger than 20 µm. Therefore, a pair of selective electrodes is crucial in
making a practical vertical PGC. For the target cell, this length was set to
100 µm for practical reasons, however, as shown in Figure 6, efficiencies up
to 20.2 % is achievable with thiner vertical cells. It can be seen that 12.9 %
efficiency of the 100 µm vertical PGC is not achievable with any conventional
PGC regardless of the geometry.
Overall, promising device performance is expected with physically feasible
parameters which are close to the maximum we think can be achievable.
Further research is required to find dye/mediator couples in order to improve
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these parameters. Due to the small length of each cell, multiple cells must
be fabricated in series to cover large areas.
Target vertical
cell
Iron-Thionine
vertical cell
Explanation
E0S E
0
S 0.462 V dye standard potential
E0M E
0
S+ 1.4 eV 0.77 V M/M
+ standard potential
Eph 1.6 eV 2.07 eV Dye band gap
kL,1 10
−5m/s 10−5m/s rate constant, fast redox
kL,2 10
−10m/s 10−10m/s rate constant, slow redox
kr 5×102M−1s−1 5× 102M−1s−1 bulk recombination rate
l 100µm 100µm cell length
[Sd] 200µM 200µM dye concentration
t 50 mm 50 mm cell depth
I0 1000W/m
2 1000W/m2 light intensity
η 12.9 % 6 % Efficiency
Table 4: Device parameters and performance of vertical photogalvanic de-
vices. Efficiencies, η, are as computed using COMSOL.
5 Conclusion
Vertical configuration photogalvanic cells are suggested and modeled. The
analysis of an individual cell shows this configuration should result in higher
efficiencies than where the illumination is through the electrode. To be ef-
fective, sub-millimolar dye concentration and slow bulk recombination rate
on the order of 103 M−1s−1 are required, which is not easy to achieve but
not impossible as iron-thionine recombination rate is half this number. Elec-
trode kinetics should be reasonably fast, but extending the light absorption
through a depth of the cell makes moderate electron transfer rate constants
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of 10−5 ms−1 sufficient, which is 100 times slower than the requirement for
the traditional cell. The electrodes were assumed to be completely selec-
tive in the analytical section, but optimizing this parameter in the numerical
analysis revealed a need for 6 to 7 orders of magnitude difference in rate
constants. So far, selectivity up to 3 orders was shown by our group[27].
Further work needs to be done in this area. All in all, we believe vertical
PGCs can be used as cheap, low maintenance solar cells assuming that proper
electrode-dye-mediator-electrode combination is found.
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Figure 1: Schematic of the vertical photogalvanic cell. The left figure shows
several aligned vertical cells to cover a large area. Each cell consists of two
parallel electrodes, with small spacing, l. Each electrode should be selective
to one of the redox couples.
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Figure 2: Schematic of a traditional photogalvanic cell. The work flow is
(1) light absorption and dye excitation.(2) Quenching of the excited dye and
production of reduced dye and oxidized mediator.(3) Each redox couple inter-
acts with one electrode and produces a current. (4) The bulk recombination
tends to push the cell back to the equilibrium with rate constant kr.
33
0 0.5 1 1.5 2
0.4
0.5
0.6
0.7
0.8
0.9
1
0.2
θ/θ
m
ax
(1,0.76)
(0.2,0.98)
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small device lengths, however, the device length should be balanced between
performance and fabrication limitation.
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Figure 4: the variation of ψ with respect to u0. l = 100 µm,[Md] = 200 µM ,
[Sd] = 100 µM , kr = 0.5× 103 M−1s−1 and ∆E = 1 V .
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Figure 5: Simulation results of the target vertical PGC. l = 100µm,[Md] =
500µM , [Sd] = 200µM , kr = 0.5× 103M−1s−1 and ∆E = 1.4V
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Figure 6: Effect of device length and electrode selectivity on cell efficiency
for both top and side illuminated cells.
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